Extracellular matrix metalloproteinase inducer (EMMPRIN) is a cell surface glycoprotein that stimulates the production of several matrix metalloproteinases (MMPs) for tissue remodeling. Previously, we detected EMMPRIN in the bovine endometrium, and it is mainly expressed in the luminal and glandular epithelium whereas MMPs are expressed in the underlying stroma. From this expression pattern, we hypothesized that EMMPRIN may regulate stromal MMPs in endometrial cell functions. To test this hypothesis, a coculture of epithelial and stromal cells was performed using a transwell system. In the coculture, epithelial cells were cultured on the insert membrane and stromal cell on the surface of well plates. Expression of stromal MMP-2 and MMP-14 was significantly higher in coculture with epithelial cell. Further, with the addition of anti-EMMPRIN antibody into the epithelial cell compartment, the expression of stromal EMMPRIN and MMP-2 and MMP-14 was decreased. To identify the active site of EMMPRIN for the augmentation of MMPs, EMMPRIN synthetic peptides that correspond to the extracellular loop domain-I (EM1, EM2, EM3, and EM4) were added into the epithelial cell compartment, and only EM2 at a higher dose interfered with EMMPRINmediated expression of MMP-14. Next, we examined the effects of progesterone and/or estrogen on the expression of EMMPRIN, MMP-2, and MMP-14. Progesterone (300 nM) significantly stimulated the expression of EMMPRIN but had no effects on any of the MMPs. These results suggest that EMMPRIN derived from epithelial cells regulates MMPs in the endometrium under progesterone-rich conditions and may thereby modulate bovine endometrial cell functions during gestation.
INTRODUCTION

Extracellular matrix metalloproteinase inducer (EMMPRIN)
is a cell surface glycoprotein that belongs to the immunoglobulin superfamily [1, 2] . EMMPRIN contains two extracellular domain structures, extracellular domain-I and -II [3, 4] . Extracellular domain-I has been reported to play a key role in the regulation of matrix metalloproteinases (MMPs) [5] . Additionally, EMMPRIN forms homodimers through extracellular domain-I on the cell surface that stimulates the expression of MMPs [6] . In mammals, EMMPRIN participates in several biological phenomena such as tumor metastasis [7] , ovulation [8] , the menstrual cycle [9] , embryo implantation and placentation [10] [11] [12] , childbirth [13] , and corneal remodeling [14] . In these studies, EMMPRIN is thought to exert its biological functions by inducing the expression of several MMPs without affecting the tissue inhibitors of metalloproteinases (TIMPs) [14] [15] [16] , thus favoring MMP production and activation. The mechanism of regulation of MMPs by EMMPRIN is highly complex and not clearly understood yet. However, recent studies on tumor metastasis have suggested that EMMPRIN may regulate MMPs either through cell-to-cell interaction [17] or in a paracrine manner [18] .
Endometrial and fetal tissues undergo extensive remodeling during gestation that is coordinated by proteolytic enzymes such as MMPs, EMMPRIN, and ADAMTS-1 and by ovarian steroid hormones [12, [19] [20] [21] . During implantation and placentogenesis, MMPs are saptiotemporally expressed in the endometrium and play a role in the fusion of the embryo to the luminal epithelium and also in activating the release of cytokines and growth factors that are entrapped in the endometrial stroma [20] . Recently, we have reported the expression of EMMPRIN at the fetomaternal interface in the bovine endometrium and suggested that it participates in embryo implantation and placentogenesis [12, 22] . In mice, EMMPRIN deficiency causes reproductive failure due to impaired implantation of the embryo [10] . In ruminants and rodents, EMMPRIN has a crucial role in uterine function and successful pregnancy [10] [11] [12] . However, the cellular mechanism by which EMMPRIN regulates endometrial function is not clearly understood. EMMPRIN is mainly expressed in the endometrial epithelial cells and trophoblastic cells whereas MMPs (MMP-2 and MMP-14) are mainly expressed in stromal cells [12, 22] . Considering their tissue expression patterns, we postulated that EMMPRIN from the epithelial cells stimulates stromal MMPs. To begin to address the cellular mechanism for EMMPRIN function, we performed coculture of endometrial epithelial and stromal cells in this study. To ascertain the role of EMMPRIN in the endometrium, the expression pattern of MMP-2 and MMP-14 were analyzed.
In the uterus, progesterone is a key transcriptional factor playing an important role in endometrial remodeling [19] . Our in vivo study has also suggested that EMMPRIN expression is under the control of ovarian steroids [12] . Therefore, in the present study, we also examined the effects of progesterone and/or estrogen on the expression of EMMPRIN.
MATERIALS AND METHODS
Cell Lines and Primary Culture
Bovine endometrial epithelial cells and stromal cells were separated and purified from the endometrium of nonpregnant cows as described previously [23] [24] [25] . Both stromal and epithelial cells that had been passaged for 16 generations were used for this study. These cells were cultured and maintained in Dulbecco modified Eagle medium (DMEM/F12; Sigma Chemical Co.) with 10% (v/v) fetal bovine serum (FBS) (Sigma) at 378C in an atmosphere of 5% CO2 [12, 24] .
Cell Culture Using a Collagen Scaffold
The interaction between the cells and extracellular matrix (ECM) is essential for cell morphology and gene expression. To show the physiological effect of the collagen matrix on the expression of EMMPRIN and MMPs, endometrial stromal cells (3.5 3 10 4 /cm 2 ) and epithelial cells (3.5 3 10 4 /cm 2 ) were cultured in the presence or absence of type-1A collagen (i.e., pepsinsolubilized type-I collagen solution, derived from porcine skin) (Nitta Gelatin Co.) as described previously [23] [24] [25] . Briefly, the cells were cultured on type-1 collagen gels in three different ways: 1) thin gel with attached cells, 2) thick gel with attached cells, and 3) thick gel with embedded cells in 12-well plates (as shown in Supplemental Fig. 1 ; all the Supplemental Data are available online at www.biolreprod.org). To induce gelling, collagen was mixed with 53 DMEM medium and reconstituent buffer (50 mM sodium hydroxide, 260 mM sodium bicarbonate, and 200 mM HEPES) at the ratio of 7:2:1 at 48C. In the thick gel with attached cell culture system, 2 ml of reconstituent collagen gels were added to 12-well plates (BD Falcon) and incubated for 30-60 min in a 378C incubator. After the gelling was complete, cells in complete medium were added to the 12-well plate and cultured for 4 days. In thick gel with embedded cells, 100 ll of cell suspension was mixed with reconstituent collagen gel and poured on the surface of the plates and incubated for 30-60 min in a 378C incubator. After the gel solidified, culture medium supplemented with DMEM/ F12 containing 10% FBS was added and cultured for 4 days. Thin gel plates were prepared by coating the plates with 250 ll of 1:10 diluted collagen type-1C matrix (Nitta Gelatin) and incubated overnight. Fluids from the wells were removed, and the collagen surface was washed twice with phosphate-buffered saline (PBS). Cells were then added to the 12-well plate and cultured in DMEM/F12 containing 10% FBS for 4 days. At the end of the culture, cells were recovered by digesting the collagen gel with 0.1% (w/v) collagenase.
To analyze the effect of the collagen scaffold on the cell proliferation rate, cells were counted after 4 days of culture using a hemacytometer. Briefly, 0.1 ml of trypan blue solution was mixed with 0.5 ml of cell suspensions and incubated for 5 min at room temperature. Live cells were counted under the microscope.
Coculture System Using an Insert Membrane
In an effort to delineate the cellular mechanism by which EMMPRIN regulates MMPs, a coculture system was established by culturing bovine endometrial epithelial cells and stromal cells using a polycarbonated transwell insert membrane containing 0.4 lm pores (Becton Dickinson). Briefly, bovine endometrial stromal cells (3.5 3 10 4 /cm 2 ) were cultured at the bottom of 12-well plates as a monolayer whereas epithelial cells (3.5 3 10 4 /cm 2 ) were cultured on the polycarbonated insert membrane (as shown in Supplemental  Fig. 2 ). These cells were cultured for 48 h in DMEM/F12 medium supplemented with 10% FBS and then serum-starved for another 24 h. For the control, stromal cells were cultured on the 12-well plates with insert membrane but without epithelial cells.
To study the interference of EMMPRIN-mediated MMP synthesis, rabbit polyclonal anti-human EMMPRIN antibody, which was developed using the synthetic peptide from extracellular domain-I (anti-EM1), was used [5] . In the coculture system, cells were cultured for 48 h in DMEM/F12 containing 10% FBS. The cells were then washed with PBS and further incubated with serumfree medium for 24 h before being washed twice with PBS. Rabbit polyclonal anti-human EMMPRIN antibody (anti-EM1; 30 lg/ml) or 30 lg/ml of normal rabbit immunoglobulin G (IgG) (Cappel Labs, Organon-Teknika Corp.) was then added to the epithelial cell compartment of the coculture for 24 h [5] .
EMMPRIN Synthetic Peptides and Their Treatment
To identify the active site of EMMPRIN affecting MMP augmentation, four peptides corresponding to extracellular loop domain-I (EM1, EM2, EM3, and EM4) of EMMPRIN were used [5] . These peptides are synthesized from the human EMMPRIN sequence and were 12-16 amino acids in length; they overlapped with neighboring peptides by four amino acids (accession number: AB072923) ( Table 1 ). In the coculture system, cells were cultured for 48 h in DMEM/F12 containing 10% FBS. The cells were then washed with PBS and further incubated with serum-free medium for 24 h. The synthetic peptides (10-60 lg/ml) were added to the coculture in the epithelial compartment and incubated for 24 h in the serum-free condition. At the end of the culture, the cells were harvested for RNA or protein extraction.
Treatment of Stromal Cells with Steroid Hormones
To study the effect of steroid hormones on the expression of EMMPRIN and its related MMPs, endometrial stromal cells were treated with ovarian steroids. Briefly, endometrial stromal cells (3.5 3 10 4 /cm 2 ) were cultured on 12-well plates with DMEM/F12 culture medium containing 10% FBS and incubated for 48 h. The cells were then washed twice with PBS in serum-free medium for another 24 h. The old medium was removed, and the cells were washed twice with PBS to remove any residual serum. The cells were then treated with 3, 30, or 300 nM progesterone (water-soluble 2-hydroxypropyl-bcyclodextrin progesterone, P7556; Sigma), 3, 30, or 300 pM estrogen (watersoluble cyclodextrin-encapsulated 17b-estradiol, E4389; Sigma;), or a combination of progesterone and estrogen (300 nM progesterone with 3, 30, or 300 pM estrogen) in serum-free medium for 24 h [23] . The cells without any hormones served as a control. Finally, the cells were harvested for RNA extraction, and conditioned medium were preserved for Western blot analysis.
RNA Extraction and cDNA Synthesis
Total RNA was isolated from harvested cells using TRIzol (Invitrogen) according to the manufacturer's instructions and quantified using a NanoDrop spectrophotometer. Two micrograms of total RNA were reverse transcribed into cDNA using random primer with a high-capacity reverse transcriptase kit (Applied Biosystems). The reverse transcription cycle consisted of 258C for 10 min, 378C for 120 min, and 858C for 5 sec in a thermal cycler. The synthesis of each cDNA was confirmed by amplifying them with glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the relative abundance of GAPDH 
Quantitative Real-Time RT-PCR
Quantitative real-time RT-PCR (qPCR) was performed using the SYBR Green Detection System (Applied Biosystems) as described previously [12] . Briefly, the primer pairs were designed using the Primer Express Program (Applied Biosystems) ( Table 2) , and 300 nM primer was used in the real time-PCR reaction mixture. Quantitative real-time RT-PCR was performed using 25 ll of reaction mixture containing 12.5 ll of 23 SYBR Green PCR Master Mix, 1.5 ll of 5 lM forward primer, 1.5 ll of 5 lM reverse primer, 4.5 ll nucleasefree water, and 5 ll of 40-fold diluted cDNA. To quantify the concentrations of each mRNA, standard curves were generated by serial dilution of the plasmid containing cDNA. The relative difference in the initial amount of each mRNA species was determined by comparing their C T values, which we confirmed by running a melting curve for the SYBR Green-based objective amplicon. The expression ratios of each gene to GAPDH mRNA were calculated to adjust for variations in the RT-PCR reaction.
Western Blot Analysis
Western blot analysis for EMMPRIN was performed as described previously [12] . Briefly, the proteins (20 lg) from each cell lysate, conditioned medium, and human uterine cervical carcinoma (SKG-II) cell lysates were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes (Immobilon-P; Millipore Corporation). The membranes were first blocked with 5% skim milk and then incubated with rabbit anti-human EMMPRIN antibody (anti-EM6) [5] at a dilution of 1:1000 and then incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma). An alkaline phosphatase detection system (BioRad Laboratories) was used to detect immunoreactive EMMPRIN.
The quantitative measurement of EMMPRIN in the cultured condition media was performed by densitometry analysis of the Western blot using National Institute of Health Image-J (http://rsb.info.nih.gov/ij/index.html). The intensity of EMMPRIN in the blots was presented as the densitometric concentration.
Statistical Analysis
All the values are presented as the mean 6 SD, and qPCR was duplicated for each sample. Statistical analysis was performed by JMP software (SAS Institute Inc.) using one-way ANOVA followed by the Turkey-Kramer test or Student t-test for densitometric analysis. Different letters indicate significant differences (P , 0.05) among the control and coculture or steroid treatments.
RESULTS
Effects of Collagen Matrix Scaffold on the Expression of EMMPRIN and MMPs mRNA
In the endometrium, cells are surrounded by the ECM, and the cell physiology depends on ECM remodeling and its signaling molecules. To investigate the mechanism of ECM remodeling in bovine endometrium, we examined the regula- 
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tion of EMMPRIN and MMPs in the bovine endometrial stromal and epithelial cells cultured on type-1 collagen gel. After 4 days of culture, the number of stromal and epithelial cells was comparatively higher in the collagen gel with attached cells (Fig. 1A) , whereas the number of cells was very low in the thick gel with embedded cells (Fig. 1A) . The expression of EMMPRIN, MMP-2, and MMP-14 in stromal and epithelial cells cultured on type-1 collagen gel was analyzed by qPCR. The expression of EMMPRIN in stromal cells was significantly higher in the thick gel with attached cells or embedded cells than in the thin gel or without collagen gel (Fig. 1B) . The expression of EMMPRIN in epithelial was higher in the thick gel with attached cells or embedded cells. MMP-2 expression in stromal cells was significantly higher in cells cultured in the thick gel with attached cells or embedded cells than in the thin gel or without collagen gel, but the expression in epithelial cells was very low under every tested scaffold condition (Fig. 1C) . MMP-14 mRNA expression was significantly higher when cultured in the thick gel with attached cells or embedded cells than in the thin gel or without collagen gel for both stromal and epithelial cells (Fig. 1D) .
Augmentation of EMMPRIN in the Insert Coculture System
To evaluate whether EMMPRIN from the endometrial epithelial cells regulated the underlying stromal MMP expression, we cocultured epithelial and stromal cells using an insert membrane to mimic in vivo condition. The stromal expression of EMMPRIN, MMP-2, and MMP-14 was significantly higher under the coculture condition than in stromal cell-only culture whereas MMP-1 expression was very low and remained unchanged (Fig. 2) .
In the coculture system, EMMPRIN was shed as a 65-kDa protein in the conditioned medium whereas cell lysates from both stromal and epithelial cells expressed 51-kDa proteins (Fig. 3) . The levels of EMMPRIN protein in the stromal cell lysate and in the conditioned media was increased in the cocultured system compared to the control.
In an attempt to determine whether the expression of stromal MMP-2 and MMP-14 was stimulated by epithelial EMMPRIN, we added an EMMPRIN antibody corresponding to the extracellular domain-I in the epithelial cell compartment of the coculture system. The expression of EMMPRIN, MMP-2, and MMP-14 was significantly decreased by the addition of anti-EMMPRIN antibody under coculture conditions (Fig. 4) .
Effects of Synthetic EMMPRIN Peptides on the Augmentation of MMP Expression
To identify the active site of EMMPRIN within the extracellular domain-I, we added synthetic peptides corresponding to four different regions of extracellular domain-I (EM1, EM2, EM3, and EM4) in the coculture system. The addition of EM2 peptide at 60 lg/ml to the epithelial cell compartment significantly inhibited (P , 0.05) MMP-14 expression (Fig. 5) . However, neither EM1, EM3, nor EM4 peptides had an effect on MMP expression. 
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Progesterone and Estrogen Roles for the Regulation of EMMPRIN Expression
Because endometrial remodeling is regulated by progesterone and our previous studies showed that EMMPRIN expression was under the control of ovarian steroids [12, 22] , we investigated a possible effect of progesterone on the expression of EMMPRIN and MMPs. The expression of EMMPRIN was significantly higher (P , 0.05) by the addition of 300 nM progesterone to stromal cells. However, estrogen alone or in combination with progesterone did not have any effects on EMMPRIN expression (Fig. 6 ). Both steroid hormones did not exert any effect on MMP expression.
Next, we assessed the EMMPRIN protein in the conditioned medium of stroma cells that were treated in the absence or presence of 300 nM of progesterone (Fig. 7) . In the conditioned medium, EMMPRIN was shed as a 65-kDa protein, and the levels were relatively higher in the stromal cell media treated with 300 nM progesterone compared to the controls (Fig. 7, A  and B) .
DISCUSSION
Endometrial remodeling is crucial for the success of embryo implantation and placental development [26] . ECM-degrading proteinases are known to play important roles in this process [20, 21] . In particular, MMPs are key factors during the ECM degradation associated with embryo implantation in several animal models [20, [27] [28] [29] . Unlike human and rodent systems, placentation in bovine is noninvasive, and there is no decidualization of endometrial stromal cells [20, 21] . Nevertheless ECM remodeling and MMP enzymatic activity has been detected in the bovine endometrium, and MMP-2 seems to play an important role during gestation [12, 20, 21, 26] . The activity of MMP-2 depends on a delicate balance between the expression of TIMP-2, MMP-2, and membrane type-1 MMP (MMP-14) [21] . MMP-2 is secreted in its latent form (pro-MMP-2), and TIMP-2 binds to pro-MMP-2 [29] . Furthermore, MMP-14 binds to TIMP-2 and causes the release of active MMP-2 [21, 29] . The existence of this regulatory complex of MMPs shows that MMP-14 plays a crucial role in MMP-2 activity [21] . Recent studies in human, rodents, and bovine endometrium have clearly suggested that the expression of MMPs are regulated by EMMPRIN [11] [12] [13] , but the mechanism by which EMMPRIN regulates MMPs is unclear.
In our previous studies, we reported the expression profile of EMMPRIN along with several MMPs in the bovine endometrium during the estrous cycle, around the implantation period, and at different stages of gestation [12, 22] . In the endometrium, EMMPRIN is mainly detected in the epithelial cells whereas MMPs are mainly detected in endometrial stroma. EMMPRIN along with MMPs are thought to regulate the endometrial tissues remodeling. In this study, we established a coculture system using endometrial epithelial and stromal cells to elucidate EMMPRIN-mediated expression of MMP in the endometrium. The present study revealed that MMP-2 and MMP-14 expressions were increased in the coculture. This may be caused by the shedding of EMMPRIN from the epithelial cells to the conditioned medium and its diffusion through the micropores of the insert membrane into the stromal cell compartment in a paracrine manner [18, [30] [31] [32] . The inhibitory effect of anti-EMMPRIN antibody, specific for extracellular domain-I, further confirmed the involvement of EMMPRIN in the regulation of MMPs in the coculture system. Similar inhibition of MMP-2 and pro-MMP-3 with an anti-EMMPRIN antibody have been reported in a coculture of tumor cells and fibroblast [5] . We also noted that EMMPRINderived augmentation of MMP-14 may occur through extracellular domain-I. Furthermore, progesterone enhanced FIG. 5. Effects of synthetic peptides of EMMPRIN on the production of MMP in the coculture system. In the epithelial cell compartment of a coculture, synthetic peptides corresponding to four different regions of extracellular domain-I (EM1-EM4 at a dose of 0, 10, and 60 lg/ml) were added. Expression of EMMPRIN and MMP-1, MMP-2, and MMP-14 mRNA were analyzed using qPCR and normalized with respect to GAPDH mRNA. The bar graphs show the mean 6 SD. *Significantly different between treatments (P , 0.05).
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the expression of EMMPRIN, although it had no effect on any of the MMPs examined. Therefore, we propose that EMM-PRIN may regulate the activity of MMPs in endometrial cell functions under progesterone-rich conditions (Fig. 8) .
ECMs play an important role in tissue remodeling and maintaining the integrity of the uterus [26] . The interaction between the cells and the ECM is essential for cell behavior such as cell morphology, proliferation, differentiation, migration, survival, and death [26] . In this study, both stromal and epithelial cells were grown in the presence or absence of collagen matrix, which is the most abundant ECM component in the body. The collagen scaffold significantly upregulated the expression of EMMPRIN, MMP-2, and MMP-14 as shown previously [24] . The results of this study also support the notion that the collagen matrix is essential for the cell morphology and the expression of signaling molecules such as EMMPRIN and MMPs.
EMMPRIN is a glycoprotein expressed as secreted and bound forms in normal and pathological tissues [13, 33] . In the present study, EMMPRIN was also detected as a 65-kDa protein in the conditioned medium and as a 51-kDa protein in the cell lysate, which is consistent with previous findings in bovine and human placenta [12, 13, 22] . The mechanisms behind the shedding of EMMPRIN from the cell surface and production of different size molecules are not clearly understood. However, MMP-14 has been shown to cleave the functional N-terminal domain of EMMPRIN from the cell surface, which is expected to inhibit or block its function, but at the same time, the released 22-kDa fragment was suggested to mediate the expression of MMP-2 in tumor tissues [33] .
EMMPRIN has two extracellular domain structures (extracellular domain-I and-II) [1, 5] . Extracellular domain-I has been reported to play a key role in the regulation of MMPs [5] . Additionally, EMMPRIN forms homodimers through the extracellular domain-I on the cell surface, which is a prerequisite for EMMPRIN-mediated augmentation of MMP expression [6, 31] . In the present study, a synthetic peptide (EM2) corresponding to a certain region of extracellular domain-I interfered with EMMPRIN-mediated augmentation of MMP-14. Because, of the four peptides, only EM2 inhibited EMMPRIN, it may be reasonable to propose that the ineffective peptides served as controls for the one that worked. We speculate that the EM2 peptide acting on extracellular domain-I might interfere with the dimerization of EMMPRIN on the surface of epithelial cell, thereby hindering the enhancement of MMP-14. In a previous report on human where a direct coculture of tumor cells and fibroblast cells was used, EM1 of extracellular domain-I was found to interfere with the EMMPRIN-mediated augmented production of pro-MMP-1 [5] and pro-MMP-2 [34] . The results of the present study are different, possibly because of differences in the amino acid sequence of human and bovine EMMPRIN or possibly because MMP-1 is poorly expressed in bovine endometrium compared to MMP-2 and MMP-14. The coexpression of EMMPRIN and MMP-14 was also detected in placental cells [22] . The data of the current study support the EMMPRIN-dependent up-regulation of MMP-2 and MMP-14 in the coculture system and suggest that the stimulation of MMP-2 and MMP-14 in cocultures is predominantly attributable to cell-cell interaction through EMMPRIN.
Progesterone is a key transcriptional regulator that participates in endometrial remodeling [19] . In our previous studies, the expression of EMMPRIN in the endometrium and placenta was correlated with systemic progesterone levels [12, 22] . In the current study, the expression of EMMPRIN mRNA and protein was also enhanced by progesterone whereas estrogen had no significant effect on EMMPRIN expression. Our results also showed that neither progesterone nor estrogen had any effect on MMP expression. Collectively, these results provide further evidence that steroid-mediated expression of EMM-PRIN may regulate MMPs that in turn regulates endometrial cell functions under progesterone-rich conditions. In conclusion, this study provides new insight into the potential mechanism through which EMMPRIN regulates MMPs endometrial function that has implications for endometrial tissues remodeling for implantation and placental development in mammals. 
